The thermostable bovine pancreatic ribonuclease A (further called RNase A, 124 amino acids) is highly efficient in cleaving and destroying RNA. 9 The well-studied enzyme was first isolated and crystallized in the 1930/1940s, [10] [11] [12] and sequenced and synthesized since the 1960s. 13, 14 The human equivalent (human pancreatic ribonuclease, further called RNase 1, 128 amino acids) is distinguishable from bovine RNase A in its amino acid sequence, 15 but is identical in its specific RNase cleaving activity. 16 Human endothelial cells selectively express RNase 1; thus, the eRNA/RNase 1 system provides a new level of regulation of vascular homeostasis, 17, 18 exemplified by the vessel-protective functions of RNase administration in the following preclinical disease models: (1) antithrombotic function in arterial thrombosis in mice 6 ; (2) prevention of edema and vascular occlusion in the superior sagittal sinus in a stroke model in rats 5, 19, 20 ; and (3) cardioprotection in myocardial I/R injury in mice and in the isolated I/R Langendorff-perfused rat heart. 8 Based on these assumptions, it appears plausible to test the influence of RNase administration under conditions of acute organ rejection following heart transplantation.
Materials and Methods

Animals
For heart transplantation, BN/OrlRj rats served as donors and LEW/OrlRj rats as recipients (both from Janvier Labs, n=95 were included; exclusions due to technical failure). All animals were inbred males with an age of 8 to 10 weeks (200-300 g) and housed in the animal care facility of the Walter Brendel Centre, Munich. The protocol was approved by the national animal welfare authority (Administration of Upper Bavaria) and the animals received humane care in accordance with the Directive 2010/63/EU. 21 
Heterotopic Abdominal Heart Transplantation
The anesthetized (intramuscular anesthesia: fentanyl 0.005 mg/kg, medetomidine 0.15 mg/kg, midazolame 2.0 mg/kg; subcutaneous antagonists: naloxone 0.12 mg/ kg, atipamezole 0.75 mg/kg, flumazenil 0.2 mg/kg; additional isoflurane 2% O 2 via mask) donor rats (n=40) were systemically heparinized with 500 IE intravenously (IV). After perfusion with a cardioplegic solution (Crustadiol, Bretschneider, K€ ohler Chemie, Bensheim, Germany) the cardiac grafts were explanted, weighed, and transplanted into the abdomen of the anesthetized recipient rats (n=40) using common microvascular techniques for aorto-aortic and pulmonary artery to inferior vena cava anastomoses, respectively ( Figure 2 ). 22 Postoperative subcutaneous analgesia consisted of metamizole (200 mg/kg) and buprenorphine (0.05 mg/kg).
Study Medication and Treatment Groups
Three different RNases were used in the transplantation studies: (1) bovine pancreatic RNase A (Fermentas, Thermo Fisher Scientific, Waltham, MA), (2) enzymatically active and (3) inactive recombinant human pancreatic RNase 1 (Fischer/ Griemert/Preissner, Giessen, manufactured by ProteoGenix, Figure 1 . Multiple functions of extracellular ribonucleic acids (eRNA). Vascular injury leads to release of intracellular components such as RNA, referred to as eRNA. 3 Extracellular RNA (1) promotes leukocyte recruitment as it mobilizes proinflammatory cytokines, (2) causes edema as it increases the permeability of blood vessels, and (3) serves as procoagulant cofactor by activating the contact phase system of intrinsic blood coagulation resulting in enhanced thrombus formation and vessel occlusion. All these mechanisms are supposed to be related to acute rejection reaction after organ transplantation. Illustration by Nina Bantschow. Figure 2 . Method of heterotopic abdominal heart transplantation. The microsurgical technique consists of end-to-side anastomoses of the donor's aorta and the pulmonary artery trunk to the recipient's abdominal vessels, respectively. The heart is perfused via the coronary arteries. The coronary veins are joined together to form the coronary sinus, where the blood is delivered to the right atrium. The blood flow continues through the right ventricle and the pulmonary artery to the recipient's abdominal vena cava. Illustration by Nina Bantschow.
Schiltigheim, France). Following previous protocols, 23, 24 RNase dosages of 50 lg/kg (dissolved in 1 mL saline 0.9%) were given 30 minutes before transplantations and then every other day (Figure 3) . Animals of the controls were treated with 1 mL saline 0.9%.
To evaluate the impact of RNase A on graft survival, six randomized allocated recipients were treated and sacrificed at the point of total graft rejection. In 2 additional treatment groups, the beating hearts were harvested either on the first postoperative day (POD 1, n=5) or on POD 4 (n=5), to investigate leukocyte infiltration in heart tissue (flow cytometry) and to analyze edema development and rejection reaction (histological analyses); at the early time point POD 1, our main focus was on the extent of I/R injury, whereas at POD 4 the ongoing cellular rejection was quantified. All RNase A-treated animals, and at the various time points, were compared with equal numbers of transplanted controls.
In order to prove that the ribonucleolytic activity of the RNase was responsible for the observed effects (inactive bovine RNase A is not available), active and inactive recombinant human RNase 1 were generated, studied, and compared (n=4 in each group).
Generation of Recombinant Ribonucleolytic Active and Inactive RNase 1
Total RNA was isolated from human cerebral microvascular endothelial cells (HCMEC-D3), kindly supplied by P.O. Couraud, Paris 25 to S. Fischer, B. Griemert, and K.T. Preissner, Giessen using the purification kit from Sigma (Heidelberg, Germany) followed by cDNA synthesis using the high-capacity cDNA reverse transcription kit from Applied Biosystems (Darmstadt, Germany . The ligated plasmid with inserted RNase 1 sequence was transformed into competent DH5a cells. Plasmid DNA was purified using standard protocols (Qiagen) and analyzed by digestion with restriction enzymes followed by gel electrophoresis and by sequencing the product. Site-directed mutagenesis was used to include point mutations in position 40, which will change CAT (histidin) to GTT (Valin). PCR was performed using 2 primers (each 10 mmol/L), complementary to each other, containing the mutant sequence (MutAkz1 CCAGCGGCAGCTTATGGACTCA-GACAG and MutAkz2 CTGTCTGAGTCCATAACCTGCCGCTGG), dNTPs (10 mmol/L), 3% v/v dimethylsulfoxide, 250 ng of plasmid DNA (pET2a vector containing RNase 1 cDNA), 0.5 units of Phusion High Fidelity DNA polymerase (Life Technologies). Annealing temperature was 55°C for 10 minutes and PCR was performed with 20 cycles. PCR reaction was cooled down to room temperature and 10 units of DpnI was added and reaction mixture (20 lL) was incubated for 1 hour at 37°C. Five microliters of this PCR reaction tube was used for the transformation of competent JM109 cells. Plasmid DNA was purified (Qiagen, Hildesheim, Germany) and sequenced using pETfwd-primers.
RNase 1 wild-type (WT) and RNase 1 H40V cDNAs were used for cloning and for the expression of recombinant proteins (manufactured by Proteogenix, Schiltigheim, France). Final samples of RNase 1 WT (human active) and RNase 1 H40V (human inactive) were quality controlled by SDS-PAGE. RNase activity was determined as described with minor modifications. 18, 26 Activity of mutated protein was reduced to 3.6% compared to the activity of WT protein.
Graft Examination
The primary end point of the study was the graft survival, which was assessed by daily examination of the graft function by palpation and transabdominal echocardiography under isoflurane. The graft function was graduated in good contraction (+++), mild (++) or severe dysfunction (+), and no contraction (À), which led to termination of each experiment.
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Blood Parameters
Blood parameters (creatinine, urea, GPT/ALT, troponin I, hemoglobin, and leukocytes) were measured using routine hospital laboratory.
T Cell Proliferation Assay and Mixed Lymphocyte Reaction
Following magnetic bead isolation, CD4 + T cells were obtained using the human naive CD4 + T cell isolation Kit II (Miltenyi, Bergisch Gladbach, Germany). The analysis of effector T (Teff)-cell proliferation was performed using a carboxyfluorescein succinimidyl ester dilution assay (5 mmol/L, Invitrogen, Carlsbad, CA). The proliferation of naive (resting) Teff cells were assessed and compared to the proliferation of polyclonal (anti-CD3/anti-CD28) activated Teff cells to verify their capacity of proliferation (maximum stimulus). The role of RNase A in allogeneic stimulated Teff cells was evaluated using mixed lymphocyte reaction with unmatched and unrelated donor peripheral blood mononuclear cells as described before. 28 Teff cell proliferation in mixed lymphocyte reaction was compared both in absence and as well as in presence of RNase A (10 lg RNase A). Analysis was performed in duplicates/ triplicates by flow cytometry (fluorescence-activated cell sorting, FACS Calibur, BD Bioscience, San Jose, CA) of carboxyfluorescein succinimidyl ester dilution of proliferating cells using the software FlowJo v10 (FlowJo, Tree Star Ashland, OR). 28 
Analyses of Explanted Grafts
At the termination of the transplantation experiments, the grafts were explanted, weighed, and then analyzed via pathohistology and quantitative morphological analyses (see Histology, Immunohistochemistry, and Quantitative Morphological Analyses section). The density of rat heart tissue was determined in 6 cases (1.052AE0.062 g/cm 3 ), using the fluid displacement method, described before. 29 Briefly, the heart was cut into equidistant parallel slices of %3 mm thickness, orthogonal to the longitudinal axis of the heart. The slices were placed on the same section surfaces, and every second slab was systematically randomly allocated to heart tissue FACS, while qualitative and quantitative histological and immunohistochemical analyses were performed on the remaining slices (see Histology, Immunohistochemistry, and Quantitative Morphological Analyses section).
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Heart Tissue Flow Cytometry
Collagenase II (Biochrome, Berlin, Germany) digested heart tissue was stained using fluorochrome-conjugated antibodies specific to rat CD45 (APC/Cy7; Biolegend, San Diego, CA), Ly6G (fluorescein isothiocyanate, Abcam, Cambridge, UK), or corresponding isotypes. Leukocyte subgroups were identified by FACS (Galios Flow Cytometer; Beckman Coulter, Pasadena, CA), using Kaluza Analysis Software (Beckman Coulter, Figure 4 ).
Histology, Immunohistochemistry, and Quantitative Morphological Analyses
One of the heart tissue slices allocated to qualitative and quantitative histological and immunohistochemical analyses of the POD 1 group was immediately frozen for cryosectioning technique (Tissue Tek; Sakura, Torrance, CA) and stored at À80°C, while the other slices were immersion fixed in neutrally buffered (pH 7.6) 4% formaldehyde solution overnight at room temperature, followed by embedding in paraffin while maintaining their section surface orientation. Paraffin sections (%3 lm thickness) were stained with hematoxylin and eosin, according to standard protocols. For detection of extravascular leukocyte subgroups in the myocardium, immunohistological staining was performed, using specific antibodies directed against macrophages (CD68; Acris, Herford, Germany, and Dako, Eching, Germany), T cells (CD3; Dako and Vector Laboratories, Burlingame, CA), and B cells (CD20; Santa Cruz, Dallas, TX, and Dako). Positive immunoreactivity was detected using the Vectastain ABC-Kit Elite and diaminobenzidine (Dako) as chromophore. Quantitative morphological analyses were performed using stereological methods. The volume densities (stated in %) of the myocardium (myocardiocytes and interstitial tissue, excluding myocardial vessels) in the heart (V V(myocardium/heart) ), of edema (optically empty extracellular space within the myocardium) in the myocardium (V V(edema/myocardium) ), and of macrophages, T cells, and B cells in the myocardium (V V(CD68+/myocardium) , V V(CD3+/myocardium) , V V(CD20+/myocardium) ) were calculated from their respective area densities, determined at 9200 magnification in systematically randomly sampled test-fields per case, referring to 10AE0.3% of the total tissue section area, using an automated stereology system (VIS-Visiopharm Integrator System â Version 3.4.1.0 with newCAST â software;
Visiopharm A/S, Hørsholm, Denmark). 31 The sectional area densities of heart tissue, myocardium, macrophages, CD3-positive T cells, and CD20-positive B cells were determined by point counting. Per case, 800AE16 points were counted for determination of V V(myocardium/heart) , 5000AE100 points for V V(edema/myocardium) , 115 200AE2304 points for V V(CD3+/myocardium) , and 156 800AE3136 points for each V V(CD68+/ myocardium) and V V(CD20+/myocardium) . 31 The absolute volumes (stated in mm 3 ) of the heart, the myocardium, and of edema, macrophages, T and B-cells in the myocardium (V (heart) , V (myocardium, heart) , V (edema, myocardium) , V (CD68+, myocardium) , V (CD3+, myocardium) , and V (CD20+, myocardium) ) were calculated from the volume densities of the respective parameters and the absolute volume of the corresponding reference compartments (heart tissue or myocardium). The total volume of the heart was calculated from the weight and the density of the heart tissue. Cryosections were stained for leukocytes (CD45; Abcam Cambridge, UK; dky-anti mouse-Cy3; Jackson Immuno Research, West Grove, PA) and counterstained against a-actinin (ACTN4-Alexa488; Abcam, Cambridge, UK) or specifically for neutrophils (Ly6G, Abcam) and counterstained with phalloidin-tetramethylrhodamine B isothiocyanate (Sigma-Aldrich, St. Louis, MO).
Analysis of Toxic Side Effects
An assessment of toxic side effects was performed in 9 LEW/ OrlRj rats by using the study dose of RNase A (50 lg/kg IV, dissolved in 1 mL saline), as well as a 20-fold higher dose of RNase A (1000 lg/kg IV, dissolved in 1 mL saline), and for control 0.9% saline (1 mL IV), each administered every other day for 28 days (n=3 in each group). After 4 weeks the rats were sacrificed, blood samples were collected, followed by pathological examination according to standardized organ sampling and trimming procedures in rats of the Registry of Industrial Toxicology Animal-data (RITA). [32] [33] [34] [35] All organ samples were paraffin embedded and stained with hematoxylin and eosin; corresponding samples from livers were stained with periodic acid-Schiff according to standard protocols.
Statistical Analyses
Study design and calculated group size are based on the primary end point, the graft survival of bovine RNase A-treated animals compared to the control group (saline treated). Thus, graft survival in all RNase groups (bovine and human RNases) was analyzed using Kaplan-Meier estimator, and differences were assessed by log-rank test. The graft survival time was specified as median days and interquartile range (IQR 
Results
RNase A Treatment Induces No Toxic Side Effects
In accordance with the RITA, 32-35 treatment of healthy rats with saline or RNase A (even in the 20-fold higher standard dose) showed neither macroscopic nor histological alterations, based on analyses of tissues and organs (including integumentary system, digestive system, respiratory system, Following tissue digestion of explanted hearts and flow cytometry, the degree of infiltration of leukocytes (CD45 + cells) and neutrophils (CD45 + Ly6G + cells) in grafts derived from controls male genital system, endocrine system, urinary system, nervous system, musculoskeletal system, cardiovascular system, and lymphoreticular system). Within the 4 weeks of treatment with saline or RNase A, all animals increased weight without any differences (by 13.8AE1.9% in control group, 14.2AE0.5% in RNase A-treated animals with study dose, and 13.5AE3.6% in overdosed RNase A-treated animals, small effects according to Cohen's effect size statistics). After this period of time, the levels of blood parameters of animals treated with RNase A were comparable with those that received saline treatment ( Table 1) .
Impact of RNase A Treatment on Leukocyte Activation and Recruitment
Following the described procedures of heterotopic heart transplantation, quantitative morphological analyses and FACS analyses, particularly regarding cell infiltration, were performed in beating grafts explanted at POD 1 and POD 4 ( Table 2 and Figure 5 , including representative immunofluorescence pictures).
After transplantation, the total number of leukocytes (CD45 + ) detected in the grafts by FACS were lower in the RNase A treatment group at POD 1 but no differences toward the control group were noted at POD 4. Posttransplantation on POD 1, higher numbers of neutrophils (CD45 + Ly6G + ) were counted in the grafts of saline-treated rats, whereas on POD 4 neutrophils showed a higher number in the grafts of RNase A-treated rats. Saline-treated animals, which received no additional immunosuppressive drugs, showed a diffuse infiltration of macrophages (CD68 + ), T cells (CD3 + ), and B cells (CD20 + ) on POD 1 and POD 4. In the RNase A treatment group, reduced infiltration of macrophages and T and B cells into the graft was seen at POD 1 and especially at POD 4. Figure 6A ).
Influence of RNase A Treatment on Proliferation of T Effector Cells
Regarding the results of the mixed lymphocyte reaction in allogeneic co-culture assays with unmatched and unrelated donor peripheral blood mononuclear cells, Teff cells showed a proliferative capacity of up to 12.0AE1.0%, whereas in the presence of RNase A (10 lg/well) this value was decreased to 4.2AE0.5% of all analyzed Teff cells (large effect, d Cohen =9.87, 95% CI 5.29/12.92, Figure 6B ).
Reduction of Edema Formation by RNase A Treatment
The mean pre-implantation weight of the donor grafts in the graft survival groups was 0.94AE0.03 g. After being rejected, the weight of the grafts in the saline treatment group showed an increase to 2.06AE0.52 g, as opposed to a much smaller increase in donor graft weight in the RNase A treatment group (1.28AE0.27 g, large effect, d Cohen =1.88, 95% CI 0.41/3.07; Figure 7A ). Quantitative morphological analyses evidenced less edema formation in RNase A-treated grafts as compared to the saline-treated grafts, both at POD 1 and at POD 4 (Table 3 and Figure 7B ).
Prevention of Left Ventricular Thrombus Formation by RNase A Treatment
Rejected cardiac grafts of the saline as well as inactive RNase 1 treatment groups showed thrombus formation within the left ventricle as described in other studies using the same heterotopic abdominal heart transplantation technique. 38 Grafts in the RNase A and active RNase 1 treatment groups maintained an unaltered left ventricle lumen even after loss of graft function as verified by transabdominal echocardiography (Figure 8 ).
Prolongation of Graft Survival by RNase A Treatment
As a primary biomarker for cardiac injury, 39 Volume densities of the myocardium in the heart (V V(myocardium/heart) ) and of edema in the myocardium (V V(edema/myocardium) ). Total volumes of the heart (V (heart) ), of the myocardium (V (myocardium, heart) ), and of myocardial edema (V (edema, myocardium) Treatment with RNase A improved cardiac median graft survival to 10.5 days (IQR 1.8) compared to 6.5 days (IQR 1.0) in saline-treated animals (P=0.001, Figure 9A ).
While treatment with enzymatically inactive RNase 1 revealed a median graft survival time similar to that of the saline control group (8.0 days, IQR 0.5), a prolonged graft survival was observed for the treatment group with active RNase 1 (11.0 days, IQR 0.3, P=0.007, Figure 9B ). These results indicate that the efficacy of cardioprotection depends on the ribonucleolytic activity of RNase 1.
Discussion
The use of RNase as a potential drug in the immediate transplantation surrounding is based on its reported potent tissue-and cardioprotective functions. RNase A is an endogenous natural enzyme with the highest structural stability among all mammalian proteins, and has been demonstrated in several experimental in vivo studies of our group to counteract the damaging effect of eRNA in cardiovascular diseases. Here, the administration of even high doses of RNase A in rats for 28 days did not induce any destructive alterations in tissues and organs, as evidenced by macroscopic and histopathologic analyses.
Moreover, extracellular RNase appears to be a safe natural drug, since it acts in a nontoxic manner due to the ubiquitous presence of a highly reactive RNase inhibitor, 40, 41 which prevents the destruction of intracellular RNAs upon exposure of RNase in all cell types. Overall, administration of both active pancreatic bovine RNase A as well as recombinant human RNase 1 resulted in a prolongation of graft survival in the described heart transplantation model, whereas enzymatically inactive RNase 1 and buffer alone were similarly ineffective. These data support the hypothesis that RNase 1 serves as a possible interventive regimen upon graft survival in heterotopic heart transplantation by degrading and removing detrimental eRNA. Acute cellular rejection of a transplanted organ is primarily a T cell-mediated event with infiltration of lymphocytes and monocytes/macrophages and resultant myocytolysis. 42 In a previous study of our group, eRNA was demonstrated to induce leukocyte adhesion, which was mediated by activation of the vascular endothelial growth factor/vascular endothelial growth factor-receptor-2 system and dependent on intercellular adhesion molecule-1 and the b2-integrin Mac-1. Moreover, eRNA showed pro-inflammatory properties by inducing tumor necrosis factor a release from monocytic cells. 4 In the present study, RNase A-treated grafts showed a reduction of mostly T cells but also of B cells, indicating that RNase treatment resulted in eRNA degradation and hence reduced immune cell recruitment. Yet, these connections still remain to be established in detail for the situation of heart transplantation. Another important factor in transplantation is I/R injury, which is associated with infiltration of neutrophils and macrophages. 2 Macrophages have been shown to contribute to I/R injury in solid organ transplantation by generating inflammatory mediators. 43 In the RNase A treatment group of the present study, reduced numbers of neutrophils and macrophages were detected in graft tissue in the early posttransplantation period as compared to the control group, reflecting decreased signs of I/R injury. Moreover, substantially decreased troponin I levels presenting the primary biomarker of cardiac damage 39 were found in the RNase A treatment group as well. These promising results are reminiscent of the outcome of a recent study of cardiac I/R injury in rodents, where the molecular interplay between eRNA and tumor necrosis factor a was shown to be responsible to a large extent for myocardial damage and infarct size and where RNase A administration resulted in a significant reduction of this pathology. 8 In case of graft rejection after transplantation, I/R injury accounts for accelerating transplant vasculopathy, 44 which is associated with endothelial dysfunction 45 that appears to be related to alloimmune responses such as episodes of acute and chronic allograft rejection and to nonalloimmunologic factors such as organ preservation, I/R injury, inflammation, and infections as well as to metabolic risk factors such as hyperlipidemia, diabetes, and hypertension. 46 There are several mechanistic overlaps in the development of transplant vasculopathy and atherosclerosis. 47 RNase was discussed to serve as a new treatment option against atherosclerosis. 7 However, it remains to be investigated whether RNase administration could serve as a treatment option to prevent long-term transplant vasculopathy in a model of chronic rejection. Acute or chronic graft failure is based on combined processes, such as inflammation, thrombus formation, endothelium damage, and edema formation, which are associated with the appearance of eRNA, as demonstrated in several former studies. There, RNase application has been shown to remove the exposed eRNA that serves as cofactor for coagulation proteins and cytokines or permeability factors such as vascular endothelial growth factor A. 5, 6, 23 In the present study of acute graft rejection, a similar mechanism is proposed, whereby treatment with RNase A resulted in diminished edema and thrombus formation related to increased graft survival. In fact, expression of vascular endothelial growth factor has been related to endothelial cell activation and phenotypic changes found in the microcirculation of cardiac allografts, 48 thereby supporting our contention. Although ventricular thrombosis plays no role in clinical heart transplantation, in the presented animal model of unloaded left ventricle, thrombosis development is a common event. 38 It is worth mentioning that all animals treated with active RNase exhibited no thrombosis. This supports the hypothesis that RNase counteracts the eRNAmediated activation of the contact phase of intrinsic blood coagulation. 6 Finally, RNase may promote an immunosuppressive function, as indicated by its suppressive capacity on proliferating effector T cells verified by mixed lymphocyte reaction. Interestingly, it has been described already in the 1960s that intraperitoneal injection of an a 2 -protein fraction from serum prolongs the survival of rat skin homografts by inhibition of antibody production to antigens. 49 It was postulated that the respective fraction that contained RNase 50 temporarily prevented antibody synthesis. 51 Since after allogeneic transplantation, cellular rejection mechanisms are most important, humoral rejection mechanisms were not our major concern. Further studies dealing with antibody-mediated rejection, eg, with sensitized animals, 52 might help to clarify the contribution of eRNA and the possibility of RNase treatment in this respect. However, the current experimental model provides new insights into the versatile role of ribonuclease as a potential drug to improve graft survival and that allows deciphering of the underlying mechanisms in more detail.
Conclusions
Our findings present evidence that RNase treatment provides a beneficial adjuvant therapy in heart transplantation, although it is difficult in the present model to differentiate between the detrimental impact of I/R injury versus rejection reaction. Mechanistically, we propose that enzymatically active RNase improves the survival of cardiac grafts by counteracting the adverse activities of eRNA and by acting as a yet to be defined mild immunosuppressive agent. Thus, RNase treatment should be considered as a universal potent adjuvant in situations of critical reperfusion such as percutaneous coronary intervention, cardiac surgery, or heart transplantation.
